Background-Studies have reported differing frequencies of detection of polyomavirus simian virus 40 (SV40) in association with human lymphomas.
Background
Viral infections by polyomavirus simian virus 40 (SV40) and herpesvirus Epstein-Barr virus (EBV) have been implicated in lymphomagenesis. 1 EBV is a ubiquitous human herpesvirus that produces a long-lasting infection in B cells in more than 90% of the population. It has frequently been associated with the pathogenesis of several neoplasms, especially lymphoid tumors and nasopharyngeal carcinoma. 2 EBV has been classified as a group 1 carcinogen by the World Health Organization International Agency for Research on Cancer. 3 More recently, it has been suggested that SV40 may be associated with some examples of lymphomagenesis, although causality has not been established. [4] [5] [6] [7] [8] SV40 is a well-characterized tumor virus that encodes a powerful oncoprotein, the large tumor antigen (T-ag). 4, [9] [10] [11] [12] The widespread use of early polio vaccines contaminated with SV40 due to production in primary rhesus monkey kidneys exposed millions of people worldwide to live SV40. 4, 11, 13, 14 There is strong evidence that SV40 can be found in humans today, both in those with and without malignancies. SV40 markers have been detected in tumor tissue from lymphoma patients in some studies [15] [16] [17] [18] [19] [20] [21] [22] [23] but not in others. [24] [25] [26] [27] [28] [29] [30] [31] These discrepancies may reflect variations among sources of specimens, sample processing, or assays. In addition, the prevalence of SV40 infection in humans might vary among different populations and geographic regions.
Objectives
This study tested the hypothesis that SV40 positivity in lymphomas varies among population groups. Using the same analytical methodologies in the same laboratory, we determined the presence of SV40 and EBV in lymphoma samples from two patient groups in Houston, Texas with different demographics. We found striking differences in virus positivity of lymphomas between the two groups.
Study Design

Patients and tissue samples
A series of 171 archival, fixed, paraffin-embedded lymphoma specimens obtained between 1994 and 2006 in Houston, TX, were analyzed in separate cross-sectional studies. The series included 44 cases from the public hospital [Ben Taub General Hospital (BTGH) of the Harris County Hospital District] and 127 cases from the military veterans' hospital [Michael E. DeBakey Veterans Affairs Medical Center (VAMC)]. The tumor samples included 167 nonHodgkin lymphomas (NHL) and 4 Hodgkin lymphomas classified by the World Health Organization system. 32 Lymphomas of the central nervous system were not included. In addition, 38 tissues were analyzed as controls (12 nonneoplastic lymphoid tissues, classified as benign lymphadenopathies, and 10 normal tissues from healthy individuals from BTGH, and 1 skin cancer and 15 normal tissues from VAMC). Institutional Review Board approval was obtained.
Patient demographics at the two hospitals in year 2006-2007 were as follows. For BTGH: Asian, 5%; Black, 34%; Hispanic, 46%; White, 13%; and Unknown/Other, 2%. For VAMC: Black, 28%; Hispanic, 4%; White, 55%; and Unknown/Other, 13%.
DNA extraction from paraffin sections
Two 20-µm sections were cut from each tissue sample block by the same person. To avoid cross-contamination, the microtome block was cleaned and the blade was replaced between specimens. Samples were deparaffinized and DNAs were extracted by a modification of a published procedure 33 (see Supplemental Material). The method will recover low-molecularweight DNA, an important consideration in case episomal viral DNA is present.
To avoid contamination and false-positive results, all DNA isolation procedures were performed under a biosafety hood in a dedicated room free from plasmids and viruses, physically separated from rooms used to prepare amplification reaction mixes and to carry out polymerase chain reaction (PCR) assays. In addition, filter tips, powder-free gloves, new disposable blades, and a separate set of pipettors were used. A negative extraction control lacking paraffin-embedded tissue was processed in parallel.
Real-time quantitative PCR
Real-time quantitative PCR (RQ-PCR) reaction mixes were prepared using a biosafety hood in a second dedicated room free from plasmids and viruses. The tubes were then taken to the DNA extraction room where sample DNAs were added; negative extraction controls and notemplate controls were included. Finally, the tubes were taken to a third room where the positive control DNA was added and PCR amplification was carried out.
Samples were first screened for the single-copy human RNase P gene by RQ-PCR to evaluate the quality and concentration of DNA recovered. The possible presence of PCR inhibitors in the DNA preparations was examined using 10-fold sample dilutions. The number of human cell equivalents, measured by RNase P genome copy numbers, was used to determine variability in DNA yields and to normalize SV40 and EBV viral loads to human cell numbers in a sample.
Control plasmids were pSV40-B2E, SV40 strain Baylor, 34 pBluescript II SK (+/−) containing the EBV-encoded RNA (EBER) gene, and RNase P. 35 Standard curves were run with each viral assay. One set of SV40-specific large T-ag gene primers and probe was published previously, 35 whereas the second one was designed as follows: SVT36-fwd primer 5′-CAACAAACAGTGTAGCCAAGCAA-3′ corresponding to nt 3624-3646 of SV40-776, SVT36-rev primer 5′-GGTTCTACAGGCTCTGCTGACATA-3′ corresponding to nt 3689-3666, and a fluorogenic probe 5′-FAM-CCAGCCATCCATTC-MGB-3′ corresponding to nt 3649-3662. EBV DNA reactions were performed using primers and probe from the EBER gene. 36 The RQ-PCR assays were performed using an ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA). All PCR reactions were performed in duplicate.
RQ-PCR reactions were considered positive if ≥10 viral genome copies/reaction were detected. A sample was classified as SV40 positive if two independent tests were positive [i.e., two RQPCRs using different sets of primers or one RQ-PCR plus immunohistochemistry (IHC)]. Samples were considered positive for EBV on the basis of the EBER RQ-PCR assay.
Immunohistochemistry
The expression of SV40 T-ag was detected by IHC as described. 19 After tissue sections were deparaffinized, antigen retrieval was performed in a steamer with citrate buffer (pH 6). A monoclonal antibody against the C-terminus of SV40 T-ag (PAb101, Santa Cruz Biotechnology Inc., Santa Cruz, CA) was used at a dilution of 1:5000. Sections were incubated with antibody at 4 °C overnight, then detected with the Mach3 Mouse probe-polymer kit (Biocare Medical, Walnut Creek, CA). The reaction was visualized with liquid diaminobenzidine (DAB+) Substrate Pack (DakoCytomation, Carpenteria, CA) and counterstained with Mayer's modified hematoxylin. SV40-induced hamster tumors served as positive controls; normal mouse serum and diluent alone were included as negative controls.
Statistical analysis
Univariate analyses were conducted using descriptive statistics, including Chi-square analysis and Fisher's Exact test for the evaluation of associations and means, standard deviations, medians, and ranges for dispersion. The binomial exact method was used to calculate 95% confidence intervals for proportions. The Z test was used to evaluate differences between proportions. An alpha level of 0.05 was used to determine statistical significance. Statistical analyses were conducted using the SAS statistical software, version 9.1.
Results
Study population
Two-hundred and nine paraffin-embedded tissue specimens were analyzed, including 171 cases of lymphoma and 38 control samples. Of the lymphomas, 44 cases were from the public hospital (BTGH) and 127 were from the military veterans' hospital (VAMC). Identifying characteristics of the lymphoma patients differed significantly between the two hospitals, establishing that two different population groups were studied. However, the types of lymphoma studied from the two populations were similar (Table 1) .
Amplification of RNase P sequences by RQ-PCR from DNA derived from paraffinembedded tissues
DNA was extracted from fixed tissues as described in Study Design. Dilutions of the DNA samples were analyzed by RQ-PCR for the human cellular housekeeping gene, RNase P. No PCR inhibitors were apparent in the undiluted DNA solutions from 93 of 184 (50.5%) samples. An inhibitory effect was observed with the other samples in that the level of RNase P amplification was less in undiluted samples than in samples diluted 10-fold. With one exception, a 1:10 dilution was adequate to dilute the PCR amplification inhibitors present in those DNA preparations and that dilution was used for further analysis.
Broad variation was observed in the amount of human cellular DNA recovered from the panel of paraffin-embedded lymphoid samples. Total DNA yields from the BTGH lymphoma samples ranged from 1100 to 8,234,300 cell equivalents (median = 552,675), whereas DNA yields from the VAMC samples ranged from 3700 to 19,163,000 cell equivalents (median = 664,204). These total DNA recoveries were not significantly different between the BTGH and VAMC samples (P = 0.21 by Wilcoxon rank-sum test). Also, the cell-equivalents of DNA tested per PCR reaction was not significantly different between the BTGH and VAMC specimens (P = 0.61 by Wilcoxon rank-sum test). We note that because of low DNA recoveries from a few specimens, <1000 cell equivalents of DNA were tested per PCR reaction for 8 of the lymphoma samples, 6 (4.7%) from the VAMC and 2 (4.5%) from BTGH. These findings highlight the dual problems of variable recoveries of cellular DNA and of variable presence of PCR inhibitors in DNA extracts and illustrate the importance of confirming the quantity and quality of DNA from paraffin-embedded tissues for viral PCR analyses. However, the quantity of human cellular DNA recovered and tested was comparable for samples from the two hospitals, ruling out that technical factor as a significant variable in this study.
Detection of SV40 and EBV DNAs in lymphomas
We analyzed 171 lymphomas and 38 controls for the presence of viral sequences and for viral load quantitation. SV40 DNA was detected in 10 of 44 (23%, 95% CI: 11-38%) lymphoma specimens obtained from BTGH and in only 4 of 127 (3%, 95% CI: 1-8%) samples from the VAMC (Table 2) . This difference in proportions was significant (P < 0.0001). All 14 lymphomas found to be SV40 positive were classified as NHL with 13 cases classified as B cell and 1 as NK/T-cell lymphomas. The SV40-positive lymphoma types from BTGH included diffuse large B-cell (7), plasmablastic (1) and marginal zone B-cell (2), whereas those from VAMC were diffuse large B-cell (2), marginal zone B-cell (1), and NK/T-cell (1). The SV40 virus-positive lymphomas were confirmed by PCR using an independent set of primers directed against the middle of the T-ag gene or by detection of T-ag expression by IHC staining. One of 38 (2.6%, 95% CI: 0.03-14%) controls, a case of lymphadenopathy, was also positive for SV40.
We examined 61 coded RQ-PCR SV40-positive and -negative specimens for expression of SV40 T-ag by IHC. When the code was broken, SV40 T-ag staining was detected in 8 of 14 (57%) specimens that were positive for SV40 DNA by PCR and in none of 47 SV40 DNAnegative samples (Fig. 1) . The expression of the viral oncoprotein was observed in the nuclei of tumor cells. The intensity of the reaction varied among tumors and <25% of the cells in individual tumors appeared to be reactive.
EBV genome sequences were detected in 17 of 44 (39%, 95% CI: 24-54%) lymphoma cases from BTGH and in 23 of 127 (18%, 95% CI: 12-26%) from the VAMC ( Table 2) . This difference in proportions was significant (P=0.01). EBV-positive lymphoma types from BTGH included diffuse large B-cell (12), plasmablastic (4), and Hodgkin (1), whereas EBV-positive lymphomas from the VAMC were diffuse large B-cell (9), diffuse large B-cell/T-cell/ histiocyte-rich (1), follicular (2), mantle cell (3), marginal zone B-cell (3), NK/T-cell (4), and Hodgkin (1). These findings confirm other reports that EBV can be detected in some cases of follicular and mantle cell lymphomas. [37] [38] [39] Two of 38 (5.3%, 95% CI: 0.6-18%) nonneoplastic lymphoid tissues harbored EBV sequences. A small number of lymphoma specimens (n=6) were positive for both viruses (Table 2) . PCR negative controls included in all PCR assays excluded laboratory contamination. Viral loads in virus-positive lymphomas were calculated from the RQ-PCR data. The content of SV40 DNA ranged from 1 to 90 genome copies per 1000 cells. For EBV, the amount of viral DNA detected ranged from 1 to >25,000 genome copies per 1000 cells, with 15 (38%) EBV-positive samples containing ≥1 genome copy per cell.
Patient characteristics and viral positivity of lymphomas
To attempt to identify risk factors for the presence of SV40 and EBV in lymphoid malignancies, we examined the associations between several patient characteristics and detection of SV40 and EBV DNAs ( Table 3,Table 4 ). Most of the variables were not associated with the detection of either virus. However, an influence of patient age on SV40 positivity was found. As the BTGH and VAMC study populations differed significantly in age distribution (Table 1) , frequency-driven cut-points were needed to classify the data by younger and older age within each sample: ≤40 and >40 years old for the BTGH group and ≤50 and >50 years old for the VAMC group. We found that SV40-positive lymphomas were more common in lymphoma patients ≤50 than in patients >50 from the VAMC (P=0.02) ( Table 3) . No significant associations of age category with EBV positivity of lymphomas were observed. However, considering those patients for whom HIV status was known, HIV-positive patients at the VAMC were more likely to have EBV-positive lymphomas than HIV-negative patients (Table  4) . For the NHL-type subgroup of VAMC samples, those from patients who were HIV seropositive were more likely to be EBV-positive than those from patients who were HIV seronegative (5/9, 56% vs. 13/70, 19%; P=0.04). These data support previous observations of an association of EBV with systemic NHL in some HIV-positive subjects. 40, 41 In the BTGH group sample, none of the factors was significantly associated with risk of SV40 or EBV positivity in the subgroup analysis of NHL. However, it should be noted that the HIV status was unknown for many of the BTGH patients.
Discussion
This report describes the detection of SV40 and EBV in lymphomas from two different sites in Houston, Texas. To our knowledge this is the first comparison in a single study of virus findings in lymphoma samples from sets of patients with different demographic characteristics. These findings support the hypothesis that the frequency of SV40 positivity in cancer specimens can vary among samples from different locations. The histologic classification of lymphomas and total DNA recoveries from archival specimens were similar between the two groups and technical procedures were not a variable as the same sectioning, processing, and analytic methodologies were applied to all samples by the same personnel.
Using an optimized DNA extraction protocol, we recovered DNA adequate to serve as a suitable RQ-PCR template from the majority of specimens. There was no significant difference in total DNA recoveries or in DNA tested per PCR reaction between samples from the two hospitals. Yields of DNA tended to be more variable from older archival samples. Also, PCR inhibitory activity was present in almost half of the DNA samples (which was circumvented by sample dilution). Such problems, if unrecognized and not addressed, lessen the chances of detecting viral sequences that might be present.
Efforts to determine the significance of SV40 association with lymphomas have been hampered by disparate findings reported in the literature. Sixteen controlled studies involving PCR assays for SV40 DNA performed in parallel in human lymphomas and control samples were reviewed recently. 6 Overall, 19% of 2033 lymphoma samples were SV40 DNA-positive by PCR, as were 3.2% of 1207 control samples (P<0.001). The frequency of SV40 detection in lymphomas varied from 0% to 56% among the studies. The majority of control specimens that were SV40-positive were blood samples, and it is noteworthy that a number of reports have detected SV40 DNA in peripheral blood cells from healthy individuals. 6 We have proposed that these discrepant findings could reflect technical matters pertaining to specimen analysis and/or population or geographic differences in the subjects studied. 6, 19 The study described here provides, for the first time, direct evidence from PCR analyses carried out in a single laboratory (thereby excluding technical differences) that SV40-positive lymphoma frequencies can vary significantly among groups.
A possible explanation for the observed differences between the two populations with respect to SV40 positivity of tumors is that their backgrounds may have reflected, in part, the localized use of SV40-contaminated oral (Sabin) poliovaccines almost 50 years ago. We hypothesize that exposure to prelicensure contaminated oral poliovaccine during field trials in 1959-1961 seeded SV40 into those populations and the virus established transmissible human infections that continue today. This hypothesis focuses on the oral poliovaccine because levels of contaminating SV40 were reportedly 100-fold or more higher than in contaminated killed (Salk) poliovaccines; we speculate that the successful establishment of human infections by SV40 was dose-dependent. Although the SV40-contaminated oral vaccine was used only sparingly in the US, it was used more widely in Mexico and several Central and South American countries. The relevance of the hypothesis to this study is that many immigrants in Houston from Mexico and Central America utilize the public hospital (BTGH) for their medical care.
Patient country of origin information was not available for the samples analyzed, but future studies might be designed that could test this hypothesis.
Part of the explanation for the group-specific results might also relate to patient age. We observed that SV40 positivity was significantly associated with lymphoma patients ≤50 compared to those >50 from the VAMC, which in general has an elder population. This possible association of SV40-positive lymphomas with age has not been reported previously. Because it is known that the incidence of lymphoma increases with age, 42 we speculate that SV40 infection could contribute to the early appearance of disease in some subjects.
SV40 viral loads in virus-positive lymphomas were low (1-90 genome copies per 1000 cells). The relevance of the viral sequences to the malignancies in which they were found was not addressed in this study. SV40 may have played a role in the induction and early promotion of lymphomagenesis, but as the lymphomas evolved and accumulated genetic alterations the viral growth-promoting effects may have become redundant and viral DNA was lost from some cells. Alternatively, SV40 may establish low-grade infections in lymphoid tissue and its detection in the tumors might be a sign of persistent infections. Finally, the DNAs recovered from paraffin-embedded tissues are highly fragmented and the efficiency of detection of viral sequences may not be optimal, resulting in an underestimation of viral content.
In summary, we have shown that the frequencies of SV40 and EBV associations with lymphomas vary between groups with different demographic characteristics. It appears that SV40 association with lymphomagenesis is affected by population characteristics. However, because of the numbers of samples tested, these observations should be confirmed in population-based studies involving larger numbers of samples.
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